Non-motile ciliopathies (disorders of the primary cilia) include autosomal dominant and recessive polycystic kidney diseases, nephronophthisis, as well as multisystem disorders Joubert, Bardet-Biedl, Alström, Meckel-Gruber, oralfacial-digital syndromes, and Jeune chondrodysplasia and other skeletal ciliopathies. Chronic progressive disease of the kidneys, liver, and retina are common features in non-motile ciliopathies. Some ciliopathies also manifest neurological, skeletal, olfactory and auditory defects. Obesity and type 2 diabetes mellitus are characteristic features of Bardet-Biedl and Alström syndromes. Overlapping clinical features and molecular heterogeneity of these ciliopathies render their diagnoses challenging. In this review, we describe the clinical characteristics of individual organ disease for each ciliopathy and provide natural history data on kidney, liver, retinal disease progression and central nervous system function.
Introduction
Ciliopathies are an expanding group of inherited disorders caused by defects in proteins required for normal structure and function of the cilia [1] [2] [3] [4] . Cilia are essential components of almost all cells in the human body. Therefore, ciliary dysfunction can manifest in almost any tissue and result in a wide range of phenotypic consequences varying from single organ diseases to multisystem disorders. The cumulative prevalence of ciliopathies is approximately 1 in every 2000 individuals [1] . These disorders are associated with significant morbidity and mortality. Hence, accurate and timely diagnosis is essential for management and genetic counseling [3] .
This review focuses on disorders of the primary (non-motile) cilia. (For a review of diseases caused by defects of the motile cilia, please refer to the article entitled "Primary Ciliary Dyskinesia (PCD): A genetic disorder of motile cilia" by Margaret W. Leigh et al. in this issue). The most commonly affected organ systems in non-motile ciliopathies include the kidneys, liver, brain, and retina [2, 3] . Depending on the nature of the defective protein's function, the number of organs affected may range from only one to more than five. For example, in autosomal recessive polycystic kidney disease (ARPKD), the disease process is limited to the kidneys and liver because the genetic defect impairs the function of only one ciliary protein in the context of otherwise normal ciliary structure and function [5] . In contrast, multisystem ciliopathies such as Joubert (JS), Meckel-Gruber (MKS), and Bardet-Biedl syndromes 2 A. Grochowsky and M. Gunay-Aygun / Clinical characteristics of non-motile ciliopathies (BBS) are caused by defects in proteins with critical roles in ciliary biogenesis or in maintenance of general ciliary structure and function [3] .
Four characteristics of multisystem ciliopathies make their diagnosis challenging; 1) Clinical heterogeneity 2) Molecular heterogeneity, 3) Overlap of clinical features 4) Overlap of causative genes. Historically, these multisystem ciliopathies were described based on their most typical set of clinical characteristics, and the etiology of their pleiotropic and overlapping nature was unknown. Now it is known that these disorders are caused by defects in subunit components of multiprotein complexes including large complexes at the ciliary transition zone (Joubert/Meckel-Gruber and nephronophthisis complexes) and the intraflagellar transport machinery (IFT A and B and Bardet-Biedl complexes) [3] . These findings explain some of the heterogeneity and overlap of phenotypes and genotypes in multisystem ciliopathies. Gene-based or gene function-based reclassification of these conditions such as "MKS3-related ciliopathy" [6] or "ciliary gate disorders" [7] may help overcome some of these diagnostic difficulties.
In this review, we describe the clinical characteristics of individual organ disease for each ciliopathy and, when available, provide natural history data on kidney, liver, retinal disease progression and central nervous system function.
Autosomal recessive polycystic kidney disease (ARPKD)
ARPKD is the most common hepatorenal fibrocystic disease in childhood, with an incidence of approximately 1 in 20,000 live births [5, [8] [9] [10] [11] . ARPKD is caused by bi-allelic pathological variants in PKHD1, which encodes fibrocystin, a membrane protein localized to non-motile cilia in addition to other parts of the cell [11] . All ARPKD patients have congenital hepatic fibrosis (CHF) which can also present in other ciliopathies such as JS and MKS ( Fig. 1 ). Diagnostic criteria for ARPKD require absence of any other congenital anomalies such as polydactyly or cerebellar vermis hypoplasia [5, 11] . The severities of kidney and liver disease in ARPKD are independent from one another. More explicitly, patients may present with various combinations of organ system disease such as severe kidney-mild liver, severe liver-mild kidney, severe liver-severe kidney and mild liver-mild kidney [8] . Both kidney and liver disease in ARPKD are progressive in nature [8, 10, 11] .
Kidney disease in ARPKD
Kidney pathology in ARPKD is characterized by non-obstructive fusiform dilations of the renal collecting ducts [5, 11] . The severity of kidney disease in ARPKD is variable ( Fig. 2A-D) . On the most severe end of the spectrum, the cystic pathology affects almost all parts of the renal medulla and cortex ( Fig. 2D and E) . These patients typically present prenatally or at birth with markedly enlarged kidneys and oligohydramnios [5, 8, 12] (Fig. 3A) . On ultrasonography, the kidneys appear diffusely hyperechogenic with loss of the typical corticomedullary distinction, but they preserve their reniform contour [13] . Common features in newborns with ARPKD include anuria/oliguria, hyponatremia and complications of oligohydramnios such as pulmonary hypoplasia [11] . Feeding difficulties are seen frequently because the massive volume of the kidneys leaves little space for the stomach [11, 12] . Most of these newborns develop severe hypertension which requires multiagent therapy [8, 11] .
On the other hand, ARPKD patients at the milder end of the kidney disease spectrum present in childhood or adulthood most commonly with liver-related complications [10, 14] ( Fig. 2A and B,  Fig. 3B ). In these patients, diagnosis of asymptomatic mild kidney involvement usually occurs with screening ultrasonography ordered after the diagnosis of CHF [14] . In most patients with mild disease, The ductal plate initially forms as a sleeve-like structure around the portal vein branches. Normal remodeling of the ductal plate involves resorption of parts of this structure and migration of the remodeled ducts centrally closer to the portal vein (right panel). The liver biopsy at 10×magnification shows a normal portal tract with sections of portal vein, bile duct, and hepatic artery. Defective remodeling, termed the ductal plate malformation, is characterized by retention of excessive numbers of bile duct remnants in their original peripheral interrupted ring-like position (left panel). The biopsy with CHF shows persistence of bile duct remnants (magnification = 40×). (Liver biopsies are from Potter's pathology of the fetus, infant and child, 2nd edition, Ed: Gilbert-Barness E. Mosby Elsevier.) the kidneys are normally sized or only mildly enlarged with imaging abnormalities mostly limited to the renal medulla ( Fig. 2A and B) [8] . In those with the mildest kidney disease affecting only parts of the medulla, visualization of the abnormalities is only possible with high resolution ultrasonography probes (7-9 MHz); images obtained using standard probes (4 MHz) appear normal ( Fig. 2A) [8] . In the majority of the patients at the mildest end of the kidney disease spectrum, glomerular function is normal or only slightly decreased with polyuria and polydipsia due to decreased urinary concentration capacity [8] .
Overall, approximately 60-70% of ARPKD patients with perinatal presentation require kidney transplantation by approximately 15 years of age [12, 15] . Correlation of ultrasonography findings with functional data demonstrates that the progression rate of kidney disease is faster in patients with enlarged kidneys with corticomedullary disease in comparison to patients with normally sized or mildly enlarged kidneys without cortical involvement [8] . Perinatally symptomatic patients with markedly Artist's rendering, ultrasound, and MRI findings showing the spectrum of kidney abnormalities in ARPKD. Percentages refer to the frequency of each pattern within our study population of 62 clinically and molecularly diagnosed ARPKD patients followed at the NIH Clinical Center [8] . (We had originally published this figure in the Clinical Journal of the American Society of Nephrology [8] ; it is republished here with permission). A) Normal-sized kidneys with hyperechogenicity and ductal dilations involving parts of the medulla (white dots on artist's rendering). B) Mildly enlarged kidneys with hyperechogenicity and ductal dilations involving most of the medulla but sparing the cortex. C) Enlarged kidneys with diffuse hyperechogenicity and ductal dilations sparing only parts of the cortex. Some macrocysts (black) are present. D) Massively enlarged kidneys with complete involvement of medulla and cortex and numerous macrocysts. MRI: magnetic resonance imaging; USG: ultrasonography; HR-USG: high-resolution ultrasonography. enlarged kidneys and corticomedullary disease require renal transplantation significantly earlier (25% require transplantation by age 11) when compared to those with medullary-only disease and only minimal or no cortex involvement (25% require transplantation at age 32) [8] . 
Liver disease in ARPKD
CHF, the liver pathology in ARPKD, does not primarily affect the hepatocytes; rather, it is a developmental defect of the bile ducts and the portal venous system [9, 16] (Fig. 1 ). All ARPKD patients have some degree of CHF at least at the microscopic level. Histopathology of CHF is characterized by three features: 1) remnants of embryonic forms of bile ducts due to defective remodeling (ductal plate malformation), often described as "bile duct proliferation" in pathology reports, 2) abnormal branching of the intrahepatic portal vein tree, and 3) portal tract fibrosis which progressively gets worse as patients get older [9, 17] (Fig. 1 ). A liver with CHF is enlarged and abnormally shaped with a disproportionately large left lobe often palpable under the xiphoid process ( Fig. 3E ). In newborns and young children with ARPKD, ultrasonography of the liver is typically normal because it takes many years before the microscopic fibrosis in the liver becomes detectable on imaging [10, 13] . In older children and adults, ultrasonography shows increased liver echogenicity and coarsened parenchymal echotexture. In addition to CHF, 70% of ARPKD patients have cystic dilatations of the biliary system (Caroli's syndrome) with a predisposition to cholangitis ( Fig. 3F ) [10] . Enlarged common bile duct and enlarged gall bladder are other common biliary abnormalities in ARPKD ( Fig. 3F ). CHF is characterized by fibrosis, but its natural history is different from cirrhosis because in CHF hepatocellular function is largely spared [9, 18] . The main clinical manifestation of CHF is non-cirrhotic portal hypertension [18, 19] . Portal hypertension in ARPKD is common (65%) and of early onset resulting in splenomegaly in 60% of the patients before 5 years of age [10] (Fig. 3B-C) . Presence or severity of portal hypertension does not correlate with kidney function [10] . ARPKD patients develop typical complications of portal hypertension including bleeding from gastroesophageal varices and decreased cell counts due to hypersplenism [10, 18] . In fact, in ARPKD, platelet count is the best predictor of the severity of portal hypertension [10] .
Newborns with ARPKD with bi-allelic null mutations with no functional fibrocystin do not survive; at least one missense mutation (compound heterozygous missense and null, or bi-allelic missense) is required for survival [12] . Outside of the correlation of bi-allelic null mutations with neonatal mortality, neither the type (null or missense) nor the location of the PKHD1 mutations explains the variability of disease severity among the neonatal survivors and later onset patients [8] . Variability in disease severity is seen even among siblings within the same family carrying the same PKHD1 mutations, suggesting contribution from modifying genes [8, 20] .
Autosomal dominant polycystic kidney disease (ADPKD)
ADPKD is the most common type of polycystic kidney disease with a prevalence of approximately 1 in 1,000 at birth [21] . It affects approximately 300,000 individuals in the United States. ADPKD is caused by heterozygous pathogenic variants in PKD1 (78%), PKD2 (15%), GANAB (<1%), or DNAJB11 (<1%). The genetic cause remains unknown in approximately 5% of patients [21, 22] . Approximately 10% of ADPKD is caused by de novo mutations. Polycystic liver disease is the most common extrarenal manifestation [23] . Intracranial vascular aneurysms and cardiovascular manifestations are the most significant extrarenal features [23] . ADPKD patients may also have cysts in other organs including the pancreas, seminal vesicles, and arachnoid membranes [24] [25] [26] . Diagnosis is made based on age-specific cyst number criteria [27, 28] and molecular genetic testing [21, 22] .
Kidney disease in ADPKD
Manifestations of ADPKD include hypertension, renal pain and a progressive decrease in kidney function resulting in end stage renal disease (ESRD) in 50% of the patients by the age of 60 [21, 29] . Renal pain and an uncomfortable sensation of fullness (due to renal enlargement/anatomical distortion, cyst hemorrhage or infection, and nephrolithiasis) are frequent complaints [30] . Gross hematuria may result from cyst hemorrhage, or nephrolithiasis. Decline in renal glomerular function starts later in the disease process, on average approximately 12 years before reaching ESRD [21] . However, once renal function starts to decline, the glomerular function rate tends to decrease relatively rapidly, at an average rate of 4-6 ml/min/year [31] . PKD1-related ADPKD is associated with more severe disease (mean age at ESRD, 58.1 years) in comparison to PKD2 (79.7 years) [32, 33] . Among patients with the PKD1 genotype, truncating mutations are associated with earlier onset of ESRD (median age at ESRD, 52-55 years) in comparison to non-truncating mutations (median age at ESRD, 66-71 years) [22, 33] . In addition, males with ADPKD have more severe renal disease than females [21] . Differing from ARPKD, cysts in ADPKD can originate from any part of the nephron, and they are true closed cysts that continue increasing in number and in size throughout the lifespan of the patient (Fig. 4) . Kidney volume is a good predictor of future decline in kidney function [34] . Notably, when the height-adjusted total kidney volume reaches ≥600 mL/m, there is a strong likelihood that the patient will develop renal insufficiency within 8 years [35] .
Approximately 2-5% of patients with ADPKD present in early childhood or prenatally (<1%) similar to ARPKD with enlarged diffusely echogenic kidneys with or without distinct cysts [36, 37] . The terms "very early onset ADPKD" (diagnosed prenatally or before 18 months) and "early onset ADPKD" (diagnosed between 18 months to 15 years) are suggested for early onset patients. These classifications Fig. 4 . Drawings and MRI images of kidneys, liver, and spleen in ADPKD and ARPKD. In ADPKD portal hypertension is not typical. Therefore, the spleen is not enlarged. Liver cysts in ADPKD are isolated cysts that are not contiguous with the biliary tree. ADPKD kidneys often have distorted contours due to macrocysts. In contrast, in ARPKD, kidneys preserve their reniform contour. CHF in ARPKD is often complicated by portal hypertension evidenced by the enlarged spleen on the MRI. Seventy percent of ARPKD patients also have dilatations of the intra-and extra-hepatic biliary system. (ADPKD MRI is from Heptinstall's pathology of the kidney, Ed: Jennette J., Olson J., Schwartz M., Silva F.) exclude children diagnosed early based on imaging performed because of family history [22] . Patients with bi-allelic ultra-low penetrance mutations in PKD1 or PKD2 present with very early onset ADPKD [22] . These patients develop ESRD earlier than those with adult onset disease [36] .
Liver disease in ADPKD
Unlike the liver cysts in ARPKD/Caroli's syndrome, liver cysts in ADPKD are closed cysts that are not in continuity with the biliary tree [16] (Fig. 4 ). In general, they remain asymptomatic; when symptoms do occur, they are typically secondary to the mass effect of the cysts (early satiety, dyspnea, abdominal distention, abdominal pain or back pain) or complications such as a cyst infection, hemorrhage, or rupture [38] . The frequency of liver cysts increases with age and they are uncommon in children. Polycystic liver disease in ADPKD is earlier onset and more severe in females, especially after multiple pregnancies; however, cysts tend to get smaller after menopause [39] . CHF complicated with portal hypertension occurs in very rare ADPKD families [40] .
Cardiac and central nervous system involvement in ADPKD
Approximately 10% of patients with ADPKD are diagnosed with cerebrovascular aneurysms [41] . The occurrence is higher (∼22%) in those with a positive family history of intracranial hemorrhage. In ADPKD patients with intracranial aneurysm, the mean age of aneurysm rupture is significantly younger (39 years), than in the general population (51 years) [21, 42] . As for cardiac manifestations in ADPKD, mitral valve prolapse seen in 25% of patients, is the most common finding [43] . ADPKD patients may also exhibit slowly progressive aortic regurgitation in association with aortic root dilation which typically does not require valve replacement [21] . Similar to ARPKD, there is notable variation in the severity of renal disease as well as the other disease manifestations in ADPKD, even in patients within the same family [21] .
Joubert syndrome (JS)
JS is a rare (∼1 in 80,000) multisystem ciliopathy characterized by a distinct set of mid-hind brain anomalies [44] . Similar to other syndromic ciliopathies, JS is genetically heterogeneous with 35 causative genes [44] . The inheritance pattern is autosomal recessive, except in those with JS due to mutations in OFD1, which is X-linked. (For a review of molecular genetics of JS, please refer to the article entitled "The Molecular Genetics of Joubert Syndrome and Related Ciliopathies: The Challenges of Genetic and Phenotypic Heterogeneity" by Melissa Parisi in this issue). Neuroimaging plays an essential role in identifying features of JS required for diagnosis: cerebellar vermis hypoplasia in association with the "molar tooth sign" [45] (Fig. 5A) . The "molar tooth sign" is the result of thickened, elongated, and horizontally oriented superior cerebellar peduncles with an abnormally deep interpeduncular fossa. These features are best visualized at the ponto-mesencephalic junction on axial MRI. JS displays marked clinical heterogeneity. By definition, all JS patients have the typical brain abnormalities. Approximately 25% of patients with JS do not develop extra-neurological organ system disease; various combinations of retinal, liver and kidney disease and polydactyly occur in subsets of the remaining patients [46] . This clinical heterogeneity called for the use of the umbrella term "Joubert syndrome and related disorders", which includes Senior-Løken syndrome (nephronophthisis and retinal degeneration) and COACH (colobomas, oligophrenia, ataxia, cerebellar vermis hypoplasia, and hepatic fibrosis). More recently, for simplicity, the term Joubert syndrome is used to refer to all patients with the "molar tooth sign" including COACH and Senior-Løken syndrome.
Almost all patients with JS display hypotonia at birth. Abnormal eye movements and abnormalities in the regulation of respiration manifesting as tachypnea and/or apnea are often noted within the first days of life [44] . Other features recognized within the first years include developmental delays, oculomotor apraxia, speech ataxia, and truncal ataxia [47] . Oculomotor apraxia describes difficulty in moving eyes quickly and smoothly in a desired horizontal direction away from straight-ahead gaze, often compensated by head titubation [47] .
Brain and cognitive function in JS
Neurocognitive function in JS varies from extremely low to normal [48, 49] . Approximately two thirds of individuals with JS function in the intellectually disabled range [49] . Relative strengths in JS are verbal comprehension and reasoning abilities while speed of information processing, visual scanning, and visual discrimination are weaker [49] (Fig. 6 ). Most individuals with JS require special education and benefit from speech, occupational, and physical therapies and augmentative and assistive communication devices [48, 49] . In addition to the molar tooth sign and cerebellar vermis hypoplasia required for diagnosis, some JS patients display other brain anomalies including enlarged cerebellar hemispheres, enlarged posterior fossa (resembling Dandy-Walker malformation), brainstem abnormalities, mild ventriculomegaly (generally does not necessitate shunting), and malrotation of the hippocampi [45] . A systematic re-analysis of the brain MRIs of more than 120 JS patients in the context of neurocognitive function identified cerebellar vermis hypoplasia as the best predictor of neurodevelopmental outcome in JS; the more severe the vermis hypoplasia the more severe the neurocognitive deficits [45] . Seizures occur in a minority (less than 10%) of individuals with JS [49] . Notably, diffuse background slowing in EEG, which is seen more commonly (28%, including those without seizures), is associated with worse cognitive function [49] . In addition, high rates of behavioral/psychiatric concerns are observed in individuals with JS, but these rates are relatively low when compared to other developmentally delayed populations [49] .
Ophthalmologic disease in JS
Ophthalmologic involvement is very common in JS and varies from relatively mild to severe and is often predictable based on genotype [44, 47] . Oculomotor apraxia (78%), strabismus (72%), nystagmus (67%) and ptosis (31%) are common features observed across most JS genotypes [47] . In addition, subsets of JS patients are affected by chorioretinal colobomas (28%), retinal degeneration (24 %), and less commonly, optic nerve atrophy (9%) [47] (Fig. 5B ). Among individuals with JS, coloboma and retinal degeneration appear to be almost mutually exclusive; i.e., JS patients who have a coloboma are less likely to develop retinal degeneration, and colobomas are not observed in JS patients with retinal degeneration [47] . Severe, early-onset retinal degeneration occurs in specific JS genotypes, most notably, in those due to CEP290 and AHI1 mutations (44, 47, 50) . On the other hand, severe retinal degeneration is less likely to occur in patients with INPP5E, MKS1, and NPHP1-related JS [44, 47] . Moreover, in JS patients with TMEM67, C5orf52, and KIAA0586 genotypes, no evidence for retinal degeneration has been identified thus far [47] . Among 68 JS patients with quantifiable vision, visual acuity ranged from a Snellen score of 20/20 to 20/632 [47] . The main causes of severe reduction in visual acuity in JS are retinal degeneration and central visual impairment. However, optic atrophy, refractive errors, and amblyopia are also less frequent causes. Colobomas are typically located inferior to the optic nerve and do not impair vision in most patients [47] . Infants and toddlers with JS display delayed visual maturation. Children with JS reach complete visual ability at ages 4-6 in comparison to the normal age of 2-3 [47] . The amblyogenic time frame in children with JS may be notably longer than that of the general population.
Kidney disease in JS
Kidney disease affects 1 in every 3 to 4 patients with JS [46, 50, 51] . Specific types of kidney disease observed in JS include 1) nephronophthisis, 2) ARPKD-like disease associated with severe early onset hypertension and 3) unilateral multicystic dysplastic kidneys (Fig. 5C ). Kidney disease is more prevalent in JS due to mutations in CEP290, TMEM67, and AHI1 [51] . On the other hand, kidney disease has not been observed to date in C5orf42 or KIAA0586-related JS [51] . Among JS patients with kidney disease, the genotypes have not been predictive of the severity or progression of renal disease [51] . The rate of decline in kidney function is similar across the genotypes with need for renal transplantation occurring in childhood or early adulthood (n = 13, range 6 to 24 years, mean 11.3 ± 4.8 years) [51] . Prenatal ultrasonography is a poor predictor of kidney disease in JS, appearing normal in 72% of patients diagnosed with renal disease postnatally [51] . In addition, in some patients, fetal ultrasonography findings may not be distinguishable from ARPKD [6] . Therefore, it is important for fetuses found to have hyperechogenic kidneys to have thorough imaging to evaluate for other anatomical anomalies, particularly findings in the brain. Polydactyly occurs in only 13% of patients with JS; hence, in a fetus with ARPKD-like kidneys, absence of extra digits cannot exclude a multisystem ciliopathy such as JS.
Liver disease in JS
Unlike ARPKD, only a proportion of patients with JS display liver disease [46] . Based on the criteria used, the frequency of liver involvement in JS varies between 15 to 45% [52] . Up to 45% of patients display at least one of the following findings; 1) elevated liver enzymes, 2) increased liver echogenicity on ultrasonography, and 3) splenomegaly. However, significant liver disease complicated by portal hypertension occurs in approximately 15% of JS patients overall [52] . Similar to CHF in ARPKD, liver ultrasonography shows hyperechogenicity (except for infants and young children) and liver histopathology is consistent with CHF with ductal plate malformation and portal fibrosis [52] . Most JS patients with significant liver disease have mutations in TMEM67 [52, 53] . The majority of patients with JS due to TMEM67 also have retinal colobomas, and approximately 50% have renal disease [52] . Elevations in liver enzymes including alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, and gamma-glutamyl transferase (GGT) are common findings in the liver disease of JS with GGT showing the highest relative elevation [52] . Similar to ARPKD, synthetic liver function is preserved. However, in contrast to ARPKD, macroscopic liver cysts or bile duct dilatation (Caroli's syndrome) are not observed in JS [52] .
Meckel-Gruber syndrome (MKS)
MKS is a severe ciliopathy with an incidence of approximately 1 in 135,000 births worldwide. Higher incidences are observed in Gujarati Indians, Tatars, Hutterites, and Finnish (1 in 9,000 births) and in Saudi Arabia and among Kuwaiti Bedouin tribes (1 in 3,530 births) [54, 55] . MKS is classically characterized by the triad of occipital encephalocele, enlarged cystic kidneys, and postaxial polydactyly (70-80%) [55] . Congenital hepatic fibrosis [56] is another consistent finding [56] . Additional abnormalities, described in 25-40% of cases, include cleft lip and/or palate, congenital heart defects, bowing and shortening of long bones, and abnormal male genitalia [54, 55] . Less frequent (<20%) features include situs defects, cystic dysplasia of the thyroid or lungs, and retinal colobomas [54, 55] . Due to the severity of its features, MKS is typically intrauterine lethal. As expected from its allelic overlap with JS, rare cases of MKS are described to have survived the first few years of life.
Brain abnormalities in MKS
Severity of central nervous system anomalies in MKS varies widely, ranging from total craniorachischisis to partial defects of the corpus callosum [57] and typically include components from 3 categories; 1) prosencephalic dysgenesis (arhinenecephaly-holoprosencephaly, small optic nerves, microphthalmia,) 2) occipital exencephalocele (extrusion through a large posterior fontanelle) 3) rhombic roof dysgenesis with variable severity of posterior fossa anomalies (agenesis/dysgenesis of cerebellar vermis, absent brainstem tectum, Dandy-Walker-like anomalies) [58] . Polymicrogyria and pachygyria are very common.
Kidney disease in MKS
The kidneys are grossly enlarged, resulting in a protuberance of the abdomen [59] . Oligohydramnios is common and often results in Potter's sequence with the typical secondary facial deformities and multiple joint contractures. Kidney histopathology shows diffuse microcystic changes associated with dysplastic features [59] . However, in contrast to "multicystic dysplastic kidneys" characterized by poorly differentiated and disorganized nephron segments, renal tissue in MKS displays some normal appearing nephrons [59] . Prenatal ultrasonography shows enlarged echogenic kidneys without any demarcation between the medulla and the cortex. The diagnosis of MKS is often made when occipital encephalocele and/or polydactyly are detected in addition to enlarged echogenic kidneys on transabdominal prenatal ultrasonography (at gestational ages of 10-14 weeks). Follow up imaging may include transvaginal ultrasonography and fetal MRI. DNA testing is useful only if it is positive because the currently known genes account for 50-60% of MKS cases.
Liver disease in MKS
CHF is a constant feature of MKS; all patients display ductal plate malformation associated with cystic dilatation of primitive biliary structures, portal fibrosis and an abnormal pattern of portal veins [56] .
Retinal disease in MKS
The few publications that describe the retinal findings in MKS report retinal dysplasia. In addition, the MKS mouse model displays markedly abnormal retina [60] . Therefore, retinal dysplasia is probably a typical but under-evaluated pathology in MKS.
Bardet-Biedl Syndrome (BBS)
Bardet-Biedl syndrome (BBS) is an autosomal recessive ciliopathy characterized by retinal dystrophy, obesity, renal malformations and/or renal parenchymal disease, cognitive impairment, postaxial polydactyly, male hypogonadotropic hypogonadism, and female genitourinary malformations [61, 62] . To date, more than 21 genes are known to cause BBS. BBS affects 1 in 100,000 to 1 in 160,000 North Americans and Europeans. It is more prevalent in Newfoundland (1 in 17,000 newborns) and among the Bedouin population in Kuwait (1 in 13,500 newborns). The diagnosis of BBS is made based on clinical features; either four primary features (retinal dystrophy, obesity, postaxial polydactyly, renal malformations and/or renal parenchymal disease, hypogonadism, and cognitive impairment) or three primary and two secondary features are required. Secondary features include cardiovascular anomalies, anosmia, developmental delay, speech abnormalities, liver disease, subtle craniofacial dysmorphism, Hirschsprung disease, brachydactyly/syndactyly, ataxia/poor coordination/imbalance, oral/dental abnormalities, mild hypertonia, type 2 diabetes mellitus (T2DM), behavioral abnormalities, and eye abnormalities such as strabismus, cataracts, and astigmatism [62] . BBS exhibits variable expressivity and both inter-and intrafamilial phenotypic variation.
Cognitive function in BBS
Cognitive impairment in BBS is mild in the majority of patients [63] [64] [65] . Formal neurodevelopmental evaluation of 24 molecularly diagnosed BBS patients showed that the mean intellectual ability of participants fell 1.5 standard deviations below normal expectations [64] . However, only the minority (25-30%) of participants fulfilled the criteria for "intellectual disability". Verbal fluency was within the average range for 55-60% of participants. However, the majority of individuals with BBS were severely impaired in perceptual reasoning (53%), attentional capacity (69%), and functional independence (74%) [64] .
Urogenital anomalies and kidney disease in BBS
Renal disease is a hallmark of BBS [66] . Structural abnormalities of kidneys and urinary tract as well as renal parenchymal disease occur in 53% to 82% of patients [66, 67] . Complex urogenital anomalies in females with BBS include hypoplastic or duplex uterus, septate vagina, hydrometrocolpos, persistent urogenital sinus and vesico-vaginal fistula [61] . On ultrasonography, abnormalities of kidneys or the urinary tract are detected in approximately 50% of BBS patients and include increased echogenicity and/or loss of corticomedullary differentiation (28% of those with abnormal ultrasonography) and cysts ranging from unilateral single cysts to multiple bilateral cystic disease (30%). Developmental abnormalities include horseshoe, ectopic, duplex, and absent kidneys (20%), hydronephrosis (12%) and scarred, atrophic kidneys (10%) [67] . Similar to other ciliopathies, urinary concentration defects are common in BBS. Consistently, histopathology shows nephronophthisis-like tubulointerstitial disease. Dysplastic changes and glomerulosclerosis are reported in some cases [67, 68] . Prenatal ultrasonography is not a good predictor of disease in BBS; it was normal in 36 % of those who had renal anomalies detected postnatally [67] . Advanced chronic kidney disease (stage 2-5) is present in 31% of children and 42% of adults with BBS [67] . The onset of primary renal disease in BBS occurs in infancy. In the majority of pediatric BBS patients with advanced (stage 4-5) chronic kidney disease, the initial diagnosis of renal disease is made within the first year of life and almost all are diagnosed by 5 years of age [67] . BBS patients either develop advanced chronic kidney disease in childhood or maintain normal or almost normal renal function into adulthood [67] . Other manifestations of BBS such as hypertension and T2DM, may also contribute to renal disease. In addition, urological complications including neurogenic bladder, and bladder outflow obstructions, occur in approximately 5-10% of adults with BBS [62, 67] . Patients with mutations in BBS2, BBS10, and BBS12 are more likely to develop severe renal disease in comparison to those with the BBS1 genotype [67] . In addition, bi-allelic truncating mutations and truncating/missense compound heterozygous mutations are more frequent in patients with severe renal disease when compared to those with bi-allelic missense mutations [67] . The most common mutation in BBS1 (M390R) is associated with lower risk of ESRD in comparison to other BBS genotypes. In addition, other urogenital abnormalities are common in BBS including absent urethral orifice, absent vaginal orifice, persistent urogenital sinus, hypoplastic uterus and ovaries, vaginal atresia and hydrometrocolpos in females and hypogonadism in males [61] . Structural renal/urinary tract anomalies do not show association with any specific BBS genotype [67] .
Retinal disease in BBS
Retinal cone-rod dystrophy is the most consistent feature in BBS, affecting more than 95% of patients [69, 70] . Most children with BBS first come to medical attention due to retinal dysfunction. Within the first decade of life, patients present with gradual onset of night blindness and decreased peripheral vision, followed by photophobia and loss of central and color vision [71] . Electroretinography is more likely to show significant findings after 5 years of life, although some patients may show early findings within the first two years of life [62] . Although rare patients with milder disease exist, patients with BBS often become legally blind between the second and third decades of life [62] . Other eye abnormalities, including cataracts and strabismus, also occur.
Obesity and endocrine-metabolic abnormalities and liver disease in BBS
Early childhood onset central obesity is another hallmark of BBS [72] . Birth weight is normal. Abnormal weight gain starts within the first year of life. Obesity and its comorbidities including hypertriglyceridemia, hypercholesterolemia, T2DM and metabolic syndrome (defined as having three or more of the following: abdominal obesity, hypertriglyceridemia, low level of high-density lipoprotein (HDL)-cholesterol, hypertension, impaired glucose tolerance) commonly affect children and adults with BBS [72] [73] [74] . The exact cause(s) of obesity in BBS is not well understood; multiple factors including hyperphagia; leptin resistance [73] ; and lower levels of physical activity [74] may be contributing. Abnormalities of the leptin-melanocortin signaling axis caused by mis-localization of key G-proteincoupled receptors of the ciliary membrane of the hypothalamic neurons are documented in animal models of BBS [75] . Metabolic syndrome, insulin resistance and subsequent T2DM are significantly more common in BBS in comparison to similarly obese individuals without BBS [72] .
Primary liver disease in BBS is characterized by the histopathological features in the spectrum of CHF including bile duct abnormalities and periportal fibrosis [76, 77] . However, portal hypertension is uncommon in BBS [78] . In addition, many patients with BBS display fatty liver disease as a part of the typical endocrine-metabolic manifestations of the syndrome [78] .
Other findings in BBS
Cardiac abnormalities (including structural heart defects and cardiomyopathy) occur in 7-15% of individuals with BBS [61, 79] .
Diverse laterality defects including situs inversus totalis, situs ambiguus, and heterotaxy affect a small percentage of patients with BBS; they occur in 1.6% of individuals with BBS, representing a 170-fold increase in frequency in comparison to individuals without BBS (1.1 per 10,000 livebirths) [80] .
Alström syndrome
Alström syndrome (AS) is a monogenic form of obesity and metabolic syndrome associated with retinal degeneration, hearing loss, cardiomyopathy and progressive liver and kidney disease. AS patients have normal cognitive function [81, 82] . AS is likely underdiagnosed; prevalence estimates range from 1 in 100,000 to 1 in 1,000,000 [81] . It is caused by loss-of-function mutations in ALMS1 which encodes the protein ALMS1 [83] . The subcellular location of ALMS1 includes the cytoplasm, cytoskeleton, microtubule organizing center, centrosomes and ciliary basal bodies, and it is thought to play roles in the formation and maintenance of cilia, cell cycle regulation, and endosomal trafficking [81] . Fibrosis seen in many organs of patients with AS, including heart, lungs, kidneys and liver [82] , suggests a common causal relationship, possibly directly related to the absence of the ALMS1 protein or to a secondary chronic inflammatory response to a cellular insult caused by loss of ALMS1 function.
Retinal disease in AS
Retinal disease in AS is an early-onset, severe, progressive retinal cone-rod dystrophy that begins in infancy and leads to blindness in childhood [82, 84, 85] . Marked photophobia and horizontal nystagmus develop within the first weeks to months of life. These infants are often misdiagnosed as having "congenital achromatopsia" or "Leber congenital amaurosis". Given the absence of most other features of AS at this age, the correct diagnosis of AS in this age group can only be made based on molecular genetic testing. Typically, retinal dystrophy progresses relatively rapidly in early childhood, resulting in blindness in the second decade of life, with no light perception by 20 years of age [86] .
Cardiomyopathy in AS
Two different forms of myocardial disease occur in AS [82, 87] . A subset of AS patients present in early infancy with severe infantile cardiomyopathy characterized by mitogenic histopathological features including cardiomyocyte hyperplasia and proliferation [88] . This mitogenic cardiomyopathy is caused by abnormal persistence of cardiomyocyte replication because ALMS1 is required for regulation of postnatal cardiomyocyte cell cycle arrest [89] . Many of these infants succumb to congestive heart failure before the diagnosis of AS is made. Hence, sequencing of ALMS1 is warranted in "idiopathic" infantile cardiomyopathy because there may be a larger number of unrecognized patients with AS among these infants who do not recover from cardiomyopathy. Interestingly, in those infants who survive, myocardial function recovers to low-normal within a few years. This acute mitogenic cardiomyopathy does not re-occur. The second form of cardiomyopathy in AS is chronic restrictive in nature and characterized by slowly progressive fibrosis of the myocardium [90, 91] . Almost all AS patients develop some degree of this slow restrictive cardiomyopathy [87, 92] .
Obesity, Endocrine-Metabolic Abnormalities and Liver Disease in AS
Severe insulin resistance, T2DM and metabolic syndrome are the hallmarks of AS [93, 94] . In most children with AS, obesity and insulin resistance begin to develop during the first year [85, 93, 95] . More than two thirds of children and 85% of adults with AS are obese [93] . In comparison to similarly obese controls, patients with AS have significantly greater insulin resistance indices [93] (Fig. 7A) , consistent with impaired insulin-induced trafficking of the insulin receptor GLUT4 to the plasma membrane in cells lacking ALMS1 [96] . Insulin resistance, present in approximately 60% of children and 100% of adults with AS, progresses to T2DM in approximately 20% of children and 70% of adults [93] . Marked hypertriglyceridemia is typical and it is complicated by pancreatitis in some cases. In comparison to equally obese controls, patients with AS are 10 times more likely to develop metabolic syndrome (Fig. 7B) . Hepatic steatosis is almost universal [93, 94] . Portal hypertension occurs in some adults. While they have similar percentage of total body fat to equally obese controls, AS patients have significantly higher liver fat, suggesting a direct role of loss of ALMS1 function in the pathogenesis of liver disease in AS [93, 94] (Fig. 7C ). Other endocrine abnormalities frequently observed in AS include adult hypogonadism, hypothyroidism, and female hyperandrogenism [93] .
Kidney disease in AS
Chronic progressive nephropathy is one of the primary manifestations of AS [97] [98] [99] . Renal failure was found to be the cause of death in 23% of AS patients between the ages of 22 and 48 years [82] . Nephropathy in AS is early onset; decline in glomerular function may start as early as 10 years [98] . In adults with AS, renal function declines rapidly, at an average rate of 17 mL/min/1.73 m2 per decade in males, and 11 mL/min/1.73 m2 per decade in females [98] . Approximately two thirds of adults with AS (median age 22 years) meet the criteria for stage 3 or worse chronic kidney disease based on eGFR <60 mL/min/1.73 m2 or evidence of albuminuria [98] . Renal histopathology shows interstitial fibrosis and tubular atrophy associated with varying degrees of glomerular sclerosis but no features of diabetic or reflux nephropathy [82, 98, 100, 101] . On imaging, solitary renal cysts are observed in less than 10% of AS patients (Fig. 7D) . The most frequent renal imaging finding is parenchymal hyperechogenicity which is limited to the medulla in most patients ( Fig. 7E and 7F) [98, 99] . This hyperechogenicity in AS, is not true "nephrocalcinosis" because parathyroid hormone, serum calcium, phosphorus, and vitamin D levels and urinary calcium excretion are normal in AS [99] . Interestingly, hyperuricemia is documented in approximately 80% of patients with AS, a finding which may be causally related to the medullary hyperechonegicity [98] . In addition to the lack of histopathological features of diabetic or reflux nephropathy, kidney dysfunction in AS does not show a significant association with T2DM, dyslipidemia, hypertension, cardiomyopathy or portal hypertension, suggesting that kidney disease is a primary manifestation of the syndrome due to lack of ALMS1 protein [98, 99] . However, it is possible that diabetes and hypertension have an additive effect on renal disease progression in AS. In addition, lower urinary tract symptoms such as urgency, intermittency, straining to start urination, and incomplete bladder emptying are seen in approximately 70% of AS patients [98] . These urological findings do not correlate with renal function [82, 98] .
Hearing loss in AS
Hearing loss in AS is preceded by retinal dystrophy in all cases [95, 102] . The majority of newborns with AS pass the newborn hearing screening [102] . The rate of progression of hearing loss in AS is estimated at approximately 10-15 dB per decade [102] . Absent otoacoustic emissions, intact speech discrimination, and disproportionately normal auditory brainstem responses map the auditory defect in AS to the outer hair cells of the cochlea. Therefore, AS patients are good candidates for traditional aural amplification or, in cases of severe to profound hearing loss, cochlear implantation [102] .
Respiratory disease in AS
Recurrent respiratory infections and fibrosis on lung biopsies are reported in AS [82] . Otitis media is very common among children with AS (92%), with 50% requiring pressure equalization tube placement [103] . A history of bronchitis/pneumonia and sinusitis is reported in 61% and 50% of individuals, respectively. These reports of frequent infections raise the possibility of dysfunction of the respiratory motile cilia in AS. However, characteristic manifestations of primary ciliary dyskinesia (laterality defects, unexplained neonatal respiratory distress, year-round nasal congestion, and wet cough) are far less prevalent in AS. Furthermore, decreased nasal nitric production which is a characteristic of primary ciliary dyskinesia, is not observed in AS [103] . Hence, the oto-sino-respiratory complications in AS are prominent enough to warrant increased clinical attention, but patients with AS are unlikely to have significantly impaired respiratory cilia function as seen in primary ciliary dyskinesias [103] .
Oral-facial-digital syndrome type 1 (OFD-1)
Oral-facial-digital syndrome type 1 (OFD-1) is the most common of the OFD syndromes, a heterogeneous group of disorders characterized by abnormalities of the oral cavity, face and digits [104] . OFD-1 displays an X-linked dominant pattern of inheritance with embryonic male lethality [104] . OFD1, the gene mutated in OFD-1, encodes a protein that localizes to the centrosome and basal body of primary cilia [105] . External findings include hypertelorism, facial asymmetry, hypoplasia of the alae nasi, median cleft or pseudo-cleft of the upper lip, oral clefts and abnormal frenulae, tongue anomalies (cysts, clefts, hamartomas), anomalous dentition, and brachydactyly and/or syndactyly of the fingers and toes ( Fig. 8B and C) [104] . Some degree of intellectual disability is observed in approximately 50% of patients. In addition, structural central nervous system anomalies such as agenesis of the corpus callosum, cerebellar agenesis, or a Dandy-Walker-like malformation occur in some patients.
Kidney disease in OFD-1
Polycystic kidney disease is a hallmark visceral manifestation in OFD-1 [106] [107] [108] (Fig. 8A ). Therefore, patients with OFD-1 should be routinely evaluated for kidney disease. However, in approximately 25% of affected females, the diagnosis of OFD-1 is made late after that of polycystic kidney disease [108] . In fact, some patients with OFD-1 are misdiagnosed as having ADPKD because craniofacial and digital features may be quite subtle. Two features that are potentially helpful to distinguish Xlinked OFD-1-related PKD from ADPKD are the absence of affected males in multiple generations and imaging findings of preserved renal contour in OFD-1 in contrast to the distorted renal contour in ADPKD. Renal cysts in OFD-1 are derived from the glomeruli [107] . Typically, renal imaging in OFD-1 shows mild to moderately enlarged kidneys with findings of numerous cysts (from a few mm to 4-5 cm in diameter) involving the cortex and medulla [107] . The rate of kidney function decline in OFD-1 is faster than ADPKD, with the mean age at ESRD in patients with OFD-1 being approximately 36 years (range:11 to 64 years) [107, 108] . In addition, the typical complications of kidney cysts in ADPKD, including lumbar pain, lithiasis, and hematuria are not common in OFD-I [107] .
Liver and pancreas involvement in OFD-1
In addition to PKD, OFD-1 is also associated with fibrocystic disease of the liver and pancreas, which are other under-evaluated and under-diagnosed manifestations of this disorder [108] (Fig. 8D and E). Multiple hepatic cysts and dilated intrahepatic bile ducts occur in 45% and 25% of patients with ODF-1, respectively [108] (Fig. 8E ). Multiple pancreatic cysts were identified in approximately 30% (Fig. 8D ). 
Skeletal ciliopathies
Skeletal ciliopathies are a group of disorders caused by defects in more than 20 genes which encode components of the ciliary transport machinery, most commonly the retrograde IFT complexes (IFT-A complex and dynein 2 complex motor) which bring cargo from the tip of the cilium back to the cytoplasm [109] . Specific disorders in this group include Jeune chondrodysplasia, cranioectodermal dysplasia [110] and various types of short rib-polydactyly syndromes. Characteristic features include abnormal bone growth that results in a narrow chest due to short ribs, short stature associated with disproportionately short limbs and digit patterning defects that lead to polydactyly [109, 110] . Variable non-skeletal features include nephronophthisis, cystic kidney disease, sclerosing glomerulopathy, CHF, retinal degeneration, cerebellar abnormalities, cardiac anomalies and cleft lip/palate and other oral defects [112] . Other rare features may include fibrocystic changes in the pancreas, ambiguous genitalia, anal atresia, polyhydramnios, malrotation, and hydrops fetalis [112] . Many of these skeletal ciliopathies have severe forms associated with perinatal lethality due to pulmonary insufficiency [112] .
Treatment of non-motile ciliopathies
Currently no specific therapy exists for ciliopathies; symptoms are treated by standard therapies as in the general population. However, remarkable progress has been made in understanding the molecular pathophysiology underlying the retinopathy, renal and hepatic fibrocystic disease and the endocrine-metabolic manifestations of ciliopathies. While malformations in the brain and skeletal system are determined prenatally, the disease process in the retina, liver, kidneys and the endocrine-metabolic system progresses as the patients get older, providing a window of opportunity for treatments that may ameliorate or reverse the course of disease. Targeted drugs and gene-based therapies such as gene replacement, exon skipping, readthrough and gene editing are being developed for specific aspects of ciliopathies including retinopathy [111, 112] , polycystic kidney disease [113, 114] , and obesity [115] . In this issue, "Retinal disease in ciliopathies: recent advances with a focus on stem cell-based therapies review" by Chen, H et al., "Novel Treatments for Polycystic Kidney Disease" by Patil, A et al., and "Using human urine-derived renal epithelial cells to model kidney disease in inherited ciliopathies" by Sayer, J and Molinari, E., focus on organ-specific targeted therapeutic approaches to ciliopathies.
